In this study, a neuro-controller with adaptive deadzone compensation for a class of unknown SISO non-linear systems in a Brunovsky form with uncertain deadzone input is presented. Based on a proper smooth parameterisation of the deadzone, the unknown dynamics is identified by using a continuous time recurrent neural network whose weights are adjusted on-line by stable differential learning laws. On the basis of this neural model so obtained, a feedback linearisation controller is developed in order to follow a bounded reference trajectory specified. By means of Lyapunov analysis, the boundedness of all the closed-loop signals as well as the weights and deadzone parameter estimations is rigorously proven. Besides, the exponential convergence of the actual tracking error to a bounded zone is guaranteed. The effectiveness of this scheme is illustrated by a numerical simulation.
Introduction
The deadzone is a non-smooth non-linearity which can provoke a loss of sensitivity in a control system. Specifically, when the input of a system subjected to this nonlinearity stays in the so-called dead band, the output of this system is zero although its input is different from zero. This phenomenon is common in many practical systems such as DC servo motors, hydraulic and pneumatic servo valves, electronic circuits and so on [1] [2] [3] [4] [5] [6] [7] [8] . If the presence of the deadzone is not considered explicitly during the design process, the performance of the control system could be degraded because of an increase of the steady-state error, the appearance of limit cycles or inclusive instability [9] [10] [11] [12] [13] [14] .
Basically, in the technical literature, two approaches have been proposed in order to overcome the deleterious effect of the deadzone: (a) by calculating the inverse of this nonsmooth non-linearity, and (b) by modelling the deadzone as a combination of a linear term and a disturbance-like term. The second approach was originally presented in [15] . In that work, based on the aforementioned model, an adaptive robust controller was applied to a class of SISO systems with unknown dynamics formed by known non-linear functions and linearly parameterised unknown constants and with unknown constant control gain. This class of systems can be represented as
y(t),ẏ(t), . . . , y (n−1) (t) + bu(t) + ξ(t)
where the scalar y(t) is the output of the system, Y i : n → are known continuous linear or non-linear functions, ξ(t) is a bounded disturbance, a i , i = 1, . . . , r and control gain b are unknown constants and u(t) ∈ is the output of the deadzone. The main drawback of [15] is the assumption of a deadzone with strictly symmetric slopes. This constraint was overcome in [16] by a new parameterisation of the deadzone, and by developing an adaptive control strategy applied to the same class of systems as in [15] . Finally, in [17, 18] , the results from [16] could be generalised to a wider class of systems. Certainly, the most common approach to handle deadzone presence is by calculating its inverse. However, this is not a simple operation because in many practical situations, both the parameters and the output of the deadzone are unknown. To deal with this problem, in a pioneer work [8] , Tao and Kokotovic proposed to employ an adaptive inverse. This scheme was applied to linear systems in transfer function form. Cho and Bai [19] extended this work and achieved a perfect asymptotic adaptive cancellation of the
